A B S T R A C T The diminished cardiac output response to exercise with advancing age may be attributable to intrinsic inability ofthe old ventricle to respond appropriately and/or to an additional loading imposed upon the ventricle by the aged vascular system. The steady (resistance) and pulsatile (characteristic impedance) load components together comprise the vascular load faced by the ejecting ventricle. To study the effect of exercise on both vascular components of load, the aortic input impedance was measured in chronically instrumented young and old beagle dogs during graded treadmill exercise before and after beta blockade. Ascending aortic flow was measured by a cuff electromagnetic flow probe, and pressure was measured by a high-fidelity semiconductor transducer. At low levels of exercise the old animals demonstrated a striking 20% increase in characteristic impedance and a 28% decrease in peripheral resistance with no increase in stroke volume. This vascular loading and limitation in stroke volume persisted across the higher exercise levels. In contrast, the young group demonstrated no increase in characteristic impedance, a progressive decrease in peripheral resistance, and a progressive increase in stroke volume across the same exercise levels. These age differences in vascular response and ventricular output were abolished by beta blockade.
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The groups did not demonstrate a difference in heart rate response, but the young had a greater increase in external left ventricular power than the old across exercise. These data demonstrated a profound difference in the response of young and old vasculature to exercise. At low and intermediate exercise levels the pulsatile vascular load appeared to be a major factor in the limitation of stroke volume in old dogs. At high INTRODUCTION A diminution in exercise response with advancing age is a striking and frequently documented finding. Maximal exercise capacity, oxgyen consumption, cardiac output, and heart rate all decrease monotonically with age in man (1) (2) (3) (4) (5) by mechanisms that have not yet been identified. Because exercise is a complex response involving the interaction of many organs, age-associated changes could originate in any of several different systems. The involvement of ventilatory, muscular, and psychological mechanisms, for example, has not been thoroughly investigated, but the central role of the cardiovascular system during exercise makes age-associated alterations in the function of this system of particular interest. Since sympathetic nervous system function assumes a dominant role at high levels of exercise (6) , the ageassociated decrease in inotropic and chronotropic response of the heart may play a crucial role in limiting the response to exercise as suggested by some observations on isolated heart tissue and intact hearts (7) (8) (9) . In addition, factors extrinsic to the heart, such as the peripheral vasculature, could also play a significant role in limiting exercise response with age.
The pumping ability of the heart is coupled to and highly dependent on the state of the vasculature (10) (11) (12) (13) . Aortic input impedance is one method of measuring the vascular load faced by the ejecting left ventricle (12, 14) , and this load depends in a complex fashion on the size and mechanical properties of the aorta and systemic vasculature (15, 16) . These determinants of impedance have been shown to change in a complex fashion with age (17) (18) (19) . For example, there is an increase in size and decrease in distensibility of the aorta with age. These changes affect aortic impedance in opposite directions, and thus could counteract each other producing no net change in resting values of impedance. During exercise this balance could be significantly altered as a result of age-associated changes in arterial vasodilatory response to catecholamines (20) . Despite these age changes in factors that may affect aortic input impedance, the effect of aging per se on impedance has not been st-udied in detail. Although there are suggestions of an age-associated increase in input impedance at rest in man (21, 22) , these data may be confounded by the presence of atherosclerosis. The effect of exercise on aortic impedance similarly has not been clearly delineated, although an increase in impedance during exercise in man has been found (23, 24) .
The purpose of this study was to determine whether there is an age-associated increase in aortic impedance at rest and during exercise, and to assess the relationship of any age-associated alteration in impedance to other aspects ofthe cardiovascular response to exercise. To this end, young and senescent dogs were exercised at graded speeds on a treadmill while phasic aortic pressures and flows were recorded. The animals had been prepared by chronic implantation of pressure and flow transducers and measurements were made before and after beta adrenergic blockade to examine the extent to which the vascular response to exercise in young and old is mediated by the beta adrenergic system.
METHODS
Seven mature (1-3 yr) and seven senescent (10-12 yr) purebred, female beagles obtained from a breeding farm were used for this study. The dogs had no prior history of cardiovascular abnormalities and were free of apparent clinical cardiovascular disease at the time of study. Each dog was trained to run on a specially built, enclosed treadmill before study. The animals were familiarized with treadmill exercise at varying speeds by several exercise sessions a week over a period of 3-6 wk . Each run at a given speed lasted 2-3 min and was followed by a long rest period. No attempt was made to condition the dogs physically, only to acquaint them with the treadmill. Their preparation was considered complete when the dog willingly jumped onto the treadmill and ran at moderate speeds without hesitation.
A left thoracotomy was performed, the ascending aorta was exposed under pentobarbital anesthesia (30 mg/kg i.v.), and a Biotronex electromagnetic cuff flow probe (Biotronex Lab., Silver Spring, Md.) that fit loosely around the ascending aorta was positioned just above the coronary ostia. A miniature Konigsberg semiconductor pressure transducer (Konigsberg Instruments, Inc., Pasadena, Calif.) was placed via an aortotomy in the aortic arch at the junction of the left subclavian artery. A polyethylene indwelling right atrial catheter was also placed for later drug infusion. The chest was then closed, and the animals were allowed to recover for at least 1 wk before any data were obtained. The exercise protocol consisted of having each dog run for 2 min at zero incline at successive treadmill speeds of 1.7, 4.3, 7.3, and 11.7 km/h (which will be referred to hereafter as mild, moderate, severe, and extreme levels ofexercise, respectively). Between runs the dogs were allowed to recover until the heart rate, blood pressure, and respiratory rate had returned to preexercise levels and remained nearly constant for 5-10 min. Before and during each level of exercise the aortic pressure and flow were recorded on analog tape for subsequent analysis. On a separate day the dogs were returned to the laboratory, at which time an intravenous isoproterenol infusion of 0.64 ,ug/kg per min was given while the heart rate response was monitored. The dogs were then given propranolol (0.15 mg/ kg i.v., Ayerst Laboratories, New York) over 2 min. The completeness of the beta adrenergic blockade was tested by repeating the isoproterenol infusion. The identical exercise protocol was then repeated during beta blockade.
The flow probes used were calibrated by infusing saline through an excised length of aorta around which the probe was placed. The pressure transducers were calibrated at 370C in vitro with a mercury column both before surgery and immediately after removal from the dog. Since only minimal base-line drift occurred (1-3 mm Hg/mo) and these studies were completed within 1 mo, the poststudy atmospheric pressure was assumed to have been the zero pressure level throughout the course of the recordings in vivo. From earlier measurements in our laboratory (25) , the flow transducers and flow meter amplifier system had an amplitude response that was flat to 20 Hz and down 10% at 50 Hz. The phase lag was almost linear with frequency at a rate of 1.30 Hz, and the damping ratio was 0.75. The frequency response of the Konigsberg pressure transducer was flat to at least 1,000 Hz. Appropriate corrections for the frequency response of the flowmeter were applied to the data.
All analog signals were recorded on FM tape and subsequently digitized at 4-ms intervals and calculations were made on a PDP-11/10 (Digital Equipment Corp., Maynard, Mass.) computer as reported (21) . At least three nonconsecutive beats for each base-line and exercise level were analyzed and averaged. Zero flow was assumed to be the value of flow in mid-to-late diastole. Standard hemodynamic parameters consisting of aortic pressure and flow, heart rate, stroke volume, cardiac output, and maximum aortic acceleration were recorded and/or calculated directly. Acceleration was obtained by digital differentiation of the flow signal using a five-point least squares algorithm. The flow was first converted to velocity by dividing by the estimated aortic cross-sectional area obtained by subtracting the wall cross-sectional area measured at the time of killing from the inner cross-sectional area of the flow probe. To calculate the aortic input impedance for each beat, the pressure and flow signals were resolved into Fourier harmonics. Only those harmonics whose moduli had values greater than the noise level of the system (1 mm Hg for pressure and 10% of mean flow) were used for subsequent calculations. For each harmonic the impedance modulus was calculated as the ratio of the pressure harmonic to the flow harmonic. The corrected flow phase was subtracted from the pressure phase at each harmonic to yield the impedance phage angle. The characteristic impedance (Z0) was derived by averaging only the significant impedance moduli of frequencies >5 Hz. Extemal left ventricular hydraulic power was obtained from the pressure and flow harmonics by reported methods (26) . The power is expressed as the sum of a steady term and a pulsatile term consisting of the sum of a series of oscillatory terms.
The efficiency with which the external power of the left ventricle was converted into useful work was assessed by calculating the percentage of total power that was pulsatile. The lower the pulsatile power, the more efficient is the transfer of energy from the heart to the vasculature (26) (27) (28) . Prior studies (27, 28) have shown that the contribution of both the steady and oscillatory kinetic terms to total power is small. In addition, data in six dogs (three old and three young) revealed that inclusion of the kinetic terms in the power calculations resulted in a 0.7±0.1 and 1.2±0.3% increase in the percentage of pulsatile power at rest and during exercise, respectively, and did not alter the efficiency calculation obtained from using only the potential power terms. Thus, for this study the contribution of the kinetic power terms has been neglected.
Two independent measures of the reflection characteristics of the aorta and vasculature were examined: (a) the first zero crossing of the impedance angle was estimated by linear interpolation, (b) a reflection index was derived by dividing the maximum minus the minimum value of impedance by the characteristic impedance for frequencies >5 Hz: (Zmax -Zmin)/ZD. This latter index estimates the fraction of the traveling wave that is reflected to the proximal aorta from peripheral sites.
Preliminary calculations indicated that there could be a variation of up to 10% in some variables (characteristic impedance, stroke volume, and the power terms) between peak inspiration and peak expiration either at rest or during exercise. These variations were usually <5% in aortic pressure, flow, cardiac output, and resistance. Therefore, the beats selected for analysis were those near the middle of the respiratory cycle, and three such nonconsecutive beats were selected as representative of the resting or exercise conditions.
The data for the resting condition consist of the average of three nonconsecutive beats recorded during stable hemodynamic periods before each of the three lower exercise levels. The variables for these nine beats were tested for statistically significant age differences by using an unpaired t test (29) . During the last 15 Before beta blockade all of the dogs were able to run for 2 min it the first three levels of exercise. All but one of the young and none of the senescent dogs were able to complete the period of extreme exercise. In these abbreviated runs, cardiovascular collapse as manifested by asystole or profound bradyeardia together with severe hypotension necessitated stopping the treadmill before the full 2-min period was completed. All the animals recovered spontaneously within a few seconds of stopping the treadmill without any evidence of untoward effects. These findings indicated a limitation in exercise capacity with advancing age. Since the data for the extreme exercise level are incomplete, only the data for the three lower levels of exercise could be compared statistically.
The exercise data are tabulated in the upper portions of Tables III and IV Figs. 1-4 , and the analysis between age groups is summarized in the legend of the figure. The stroke volume response to exercise is depicted in Fig. 1 in which the mean value of the change at each exercise level is indicated for each group. The symbol refers to the significance of the variance ratio between age groups across all three exercise levels. The young animals had a stepwise increment with each exercise level, whereas the old group demonstrated no increase in stroke volume as demands were increased at successively higher levels of exercise. This limitation of stroke volume in the old group limited the cardiac output that could be achieved to -65% of that of the young dogs at the severe exercise level. Tables III and V demonstrates that the young group had a slightly larger increment in mean aortic pressure with exercise than the old group. There was no age difference however, in the increment in either systolic or diastolic blood pressures. Thus, the central aortic pressure provided no clue as to the mechanism of the limitation of stroke volume.
Examination of
The response of systemic vascular resistance to exercise is summarized in Fig. 2 . The old group had a large decrement in resistance at the low level of exercise with no further significant changes as the exercise level increased. In contrast, the young group displayed a progressive decrease in resistance with increasing exercise until the decrease in resistance exceeded that of the old group at the severe level of exercise. This age difference in response across exercise was of border-line significance (P = 0.05). At the lower exercise levels the old animals actually had more vasodilatation than the young group. Thus, inability to achieve peripheral arterial vasodilatation in the old group was not a factor that limited stroke volume at the lower exercise levels.
The effect of exercise on aortic characteristic impedance is summarized in Fig. 3 . The old group displayed a large increment in this parameter beginning with the lowest level of exercise which did not change with further exercise. The response ofthe young group, however, was significantly different, demonstrating no change from resting levels with exercise. Since characteristic impedance represents a portion of the vascular load imposed on the ejecting ventricle, a constant increase in this parameter with exercise in the old group represents an extra load imposed on the ventricle of the old animal that was not present in the young at the same levels of exercise. This extra load could contribute to the limitation of stroke volume seen in Fig. 1 .
Finally, the effect of exercise on left ventricular external power is shown in Fig. 4 . In both groups there * The values listed are only those P values that are significant at close to the P = 0.05 level for the variance ratios of the hemodynamic and impedance parameters. The main effects tested are between age groups, across exercise levels, and during beta blockade. If any significant interaction appeared between two or more main effects, separate analysis of variance was performed to delineate the contribution of each individual effect to the interaction. The results of these separate analyses for parameters that demonstrate age differences are presented in the legends in Figs. 1-4. 1 Abbreviations used in this table: E, exercise; B, during beta blockade; A, age; HR, heart rate; Q, mean aortic flow; SV, stroke volume; P, mean aortic pressure; R, peripheral resistance; Z0, characteristic impedance; Wt, total left ventricular external power; W0, oscillatory power; AZ/Z0, reflectance index; Vmax, maximum acceleration.
consisting of a 20% increase in characteristic impedance that began with the lowest exercise level and persisted throughout higher exercise levels. There was no such loading of the ventricle in the young dogs at equivalent exercise levels. The old dogs were unable to increase stroke volume as the demands on the heart were increased at successively higher levels of exercise. During severe exertion, the cardiac output in the old dogs was consequently only 65% of that in the young dogs. The load faced by the ejecting ventricle consists of a steady component represented by the peripheral resistance, and a pulsatile component, represented by the characteristic impedance (12) (13) (14) . In isolated heart studies, an increase in either load component tends to The symbols refer to the P values for the variance ratio between age groups across the exercise levels. The progressive increases in the young group were significant before (P = 0.005) and after (P = 0.006) propranolol. The old group demonstrated an inability to increase stroke volume at all three exercise levels. =, young; ;, old. *P = 0.02; fP = NS. Drug x Age, P = NS. Mod. Exercise Level FIGuRE 3 Effect of graded exercise on aortic characteristic impedance. Notation is the same as for Fig. 1 . There is no effect across different exercise levels before propranolol, but the age differences in response were highly significant. After propranolol there was a progressive increase in this pulsatile load component at successive exercise levels (P = 0.03), but there was no age difference in this response.
CD, young; m, old. *P = 0.006; fP = NS. Drug x Age, P = NS.
reduce stroke volume or ventricular function (13, 27) .
Most investigations of the effects of "afterload reducing agents" on left ventricular function have focused only on the resistive component of load and have demonstrated a reciprocal relationship between resistance and ventricular function (31, 32) . These studies concluded that a reduction in resistance was the major cause of improved left ventricular function, but it would not be surprising to find that the pulsatile load component played a similar role. A recent study in humans (33) was the first to measure the pulsatile load component during vasodilator therapy, but the independent effects of the pulsatile and steady load components could not be clearly assessed.
In situations in which the load components are altered in opposite directions, it is difficult to predict a priori which component would dominate in its effects on ventricular function. Two studies using mechanical analogues of the vasculature (13, 34) demonstrated that capacitance changes had qualitatively larger effects on stroke volume than resistance changes. Decreases of 21 and 50% in capacitance produced -20% decrease in stroke volume, whereas 208 and 78% in- Exercise Level
Severe FIGURE 4 Effect of graded exercise on total left ventricular external power. Notation is the same as for Fig. 1 . Before propranolol the progressive increase is significant for both the young (P < 0.001), and old (P = 0.003) groups and the age difference in the response is highly significant. After propranolol there is still a progressive increase with exercise in both the young (P < 0.001) and old (P < 0.001) groups, but the age difference is not significant. o, young; am, old *P = 0.008; fP = NS. Drug x Age, P = 0.04.
creases in resistance produced only -30% decrease in stroke volume. In another study in which the descending aorta was artificially stiffened by application of lucite ferrules (27; dog 29), there was an estimated 40% increase in characteristic impedance, no change in resistance, and a 29% decrease in stroke volume. Additionally, a recent study (35) (36) . More recently, in a study of the exercise response in old and young men, echocardiography was used to measure ventricular dimensions. We found that ventricular dilatation was used at a lower level of exercise by the old men than by young men in response to the stress of exercise (37) . Thus, we feel that it is unlikely that the limitation in stroke volume in these old dogs was due to an inability to compensate by use of the Starling mechanism, particularly at the lower exercise levels. However, since we did not directly measure an index of left ventricular diastolic size in these dogs, we cannot state with certainty that an age-associated differential response in diastolic ventricular volumes was not a causative factor in the exercise response.
In addition, whether the limitation in the stroke volume at all levels of exercise in senescent dogs is, in part, due to an intrinsic deficit of inotropic capability is difficult to determine from the present results. One clue may lie in the observations ofaortic acceleration of blood (before beta blockade, Table III) , which is influenced by both inotropy and load (38) . At the lowest level of exercise there was no significant age difference in acceleration, in spite of the difference in load, which argues that the load, rather than decreased inotropy, was responsible for the diminished stroke volume response under these circumstances. The data on the hydraulic power, which is also affected by both inotropy and load (28) , raise the possibility that load is not the only factor involved. The fact that the age difference in power response (Fig. 4) becomes progressively greater as the level of exercise is increased, whereas the age difference in load (Fig. 3) does not, suggests that inotropy may be a factor at the higher levels of exertion. This, however, is only indirect evidence. The possibility of an inotropic deficit is supported by the observation that isolated heart muscle from senescent animals has a diminished inotropic response to both catecholamines and cardiac glycosides (8, 39) . A recent study demonstrated a markedly attenuated ejection fraction response during exercise in old compared with young individuals (5) and ascribed this finding to an inotropic deficit, although the authors recognized that age changes in loading or use of the Starling mechanism could also have been factors.
The diminished stroke volume response in the old dogs could be due in part to alteration in the other organ systems, including a diminished respiratory response, increased thoracic cage stiffness, metabolic and hormonal differences, and skeletal muscle deficits. We did not examine these factors in our study so we cannot exclude them as factors contributing to our findings. In addition, less easily measured effects, such as an age-associated differential response to thoracotomy or psychological response to exercise, could also have contributed. However, the fact that many studies over the years in isolated tissue (8, 17, 18, 20, 39) have demonstrated age-associated alterations in response to various interventions, including other forms of stress, suggests that alterations in the cardiovascular system play a major role in the differential exercise response with age. Because of this background information our findings were predictable. The exact role played by the factors mentioned above certainly needs delineation.
The alteration in pulsatile load in the old dogs was not accompanied by statistically significant alterations in the percentage of pulsatile power, reflecting an unchanged efficiency of energy transfer from the heart to the vasculature (27) . In both age groups, the percentage of pulsatile power did not change with exercise, although the absolute values of the pulsatile power increased. The magnitude ofthe oscillatory component of power (W0) increased with exercise in both old and young dogs. At the severe level ofexercise, for example, it rose in the young animals from 104±48 mW at rest to 343±139 mW while running. The comparable values for old dogs were 95±8 mW and 246±70 mW, respectively. In both groups, but particularly in the young, the increased oscillatory power was largely attributable to the increase of stroke volume which is an important factor because W0 is proportional to the square of the flow harmonics (26) . One might have expected the older animals to have a greater increment of oscillatory power with exercise because of their increase in aortic characteristic impedance (which is also one determinant of W0), but this effect was apparently outweighed by the larger rise in stroke volume in the young dogs compared with the relatively small increase in old ones.
The mechanism(s) for the age differences in response of the characteristic impedance during exercise are not elucidated by the results of this study, but we can identify certain likely possibilities. Characteristic impedance depends on a complex interplay between the size and material properties of the more proximal vasculature such that an increased diameter of the aorta decreases and an increased stiffness raises the input impedance (15, 16) . Previous studies indicated that stiffness of senescent arterial vessels tended to be higher than in young vessels of the same species (17, 18) . Other studies have demonstrated a larger size of comparable arterial vessels in old compared with young animals (19) . Thus, the old vasculature is likely to be operating on a stress-strain curve that is shifted toward 36 F. C. P. Yin, M. L. Weisfeldt, and W. R. Milnor higher stiffness for a given stress level as well as on a steeper portion of its nonlinear stress-strain curve. The lack of age difference in characteristic impedance at rest may represent a counterbalancing of the opposing effects of greater diameter and increased stiffness. The response of the aorta in terms of diameter and stiffness during exercise was not measured directly in the present study. The increased distending pressure would tend to increase aortic diameter. Alpha adrenergic stimulation produced by catecholamiiie release would cause a leftward and upward shift of the stressstrain curve, resulting in greater stiffness at a given diameter (38) . Beta adrenergic stimulation would have the opposite effects. The net result of these changes on impedance would depend on the relative innervation of the aorta, its activation and adrenergic receptormediated smooth muscle responses. Apparently during exercise the old vascular system was operating at a point on a stress-strain curve that resulted in an increase in impedance. On the other hand, the young system continued to operate at a point whereby the size and stiffness changes continued to counterbalance resulting in no net change in impedance.
Some insight into the mechanism(s) responsible for the age-associated difference in vascular response to exercise can be obtained by examination of the effects of beta blockade. The finding that during exercise beta blockade abolished the age difference but not the responses themselves strongly suggested that the age difference in vascular response was, in part, adrenergically mediated via beta receptors. With particular reference to the characteristic impedance (Z0), the response of the young group before beta blockade (no increment in Z0) was converted into a response similar to the old (a constant increment in Z0 across exercise levels) after beta blockade. Concomitantly, there was a marked blunting of the stroke volume response. One explanation for this finding is that the younger aorta may have more ability to vasodilate than the older aorta when subjected to equivalent levels of catecholamines released during exercise. This vasodilatory response is blunted during beta blockade, resulting in the young animal operating at a point such that its Z0 was now increased during exercise. In vitro studies have demonstrated a greater vasodilatory response in young compared with old aorta during equivaleint levels of pharmacologic beta adrenergic stimulation, whereas there was Ino age difference in vasodilatation during nonadrenergic stimulation (20) . Another possible explanation is that the young vasculature is more responsive to the vasoconstricting effects of alpha agonists whose effects thus become more apparent in the young after beta blockade. At this higher level of smooth muscle tone unmasked by beta blockade, the young vasculature would then be operating at a point on its stress-strain curve that was shifted nearer that of the intrinsically stiffer old vasculature, thereby obliterating the age difference. To our knowledge, however, there are no reports of an age-dependent differential response to alpha adrenergically induced vasoconstriction.
A less likely explanation for some of the above findings is that the degree of beta blockade attained was greater in the young than the old. However, the findings that in both age groups the degree of beta blockade, as assessed by the isoproterenol challenge and the decrement in inotropy, as assessed by the decrement in maximiium aortic acceleration (Table  IV) , produced by this dose of propranolol was similar, leads us to doubt that there was a significant age difference in beta blockade that was specifically localized to the vasculature.
In summary, this study demonstrated that (a) there were no differences between young and senescent dogs in resting hemodynamic or derived aortic impedance parameters. (b) During exercise there was a profound difference in response of the young and senescent vasculature. The senescent vascular system responded to graded exercise with a constant increment in characteristic impedance and hence an increase in pulsatile load, whereas the young vascular system did not. (c) Accompanying the constant level of vascular loading across exercise levels in the old dogs was a limitation in stroke volume. This resulted in a markedly diminished cardiac output response to progressive exercise compared with the young dogs in whom the stroke volume was not limited by vascular loading of the heart. (d) This age difference in vascular response was abolished after beta adrenergic blockade. (e) At low and intermediate exercise levels, vascular loading appeared to be one of the major factors in limitation of stroke volume in the senescent animal. At high levels of exercise, the limited exercise response in the senescent dog may be caused, in part, by a diminished inotropic responsiveness, as well as by the vascular loading.
